Flexible, stretchable, and spanning microelectrodes that carry signals from one circuit element to another are needed for many emerging forms of electronic and optoelectronic devices. We have patterned silver microelectrodes by omnidirectional printing of concentrated nanoparticle inks in both uniform and high-aspect ratio motifs with minimum widths of approximately 2 micrometers onto semiconductor, plastic, and glass substrates. The patterned microelectrodes can withstand repeated bending and stretching to large levels of strain with minimal degradation of their electrical properties. With this approach, wire bonding to fragile three-dimensional devices and spanning interconnects for solar cell and light-emitting diode arrays are demonstrated.
P rinted electronics offer an attractive alternative to conventional technologies by enabling the creation of large-area, flexible devices at low cost (1) . Although there are options available for electronic materials-including conducting polymers (2, 3), inorganic semiconductors (4, 5) and carbon nanotubes (6, 7)-the ability to print low-resistance electrodes with fine resolution in high-aspect ratio layouts, and possibly spanning three dimensions, is a technologically important goal. Many applications, including solar cell metallization (8) , flexible displays (9), radio frequency identification tags (10) , and antennas (11), would benefit from this capability. Conventional approaches, such as screen-printing (12) and inkjet printing (13), produce low-aspect ratio features that must be supported by the underlying substrate or device, making it impossible to pattern spanning elements in-or out-of-plane.
Direct ink writing offers an attractive alternative for meeting the demanding design rules and form factors required for metallic electrodes in printed electronic and optoelectronic devices.
In this filamentary printing approach, a concentrated ink is extruded through a tapered cylindrical nozzle that is translated using a three-axis, motion-controlled stage with nanoscale precision (Fig. 1A) (14) . Yet, several limitations remain to be overcome. To date, the minimum feature size obtained with the use of nanoparticle inks is 100 mm (15) . In addition, the inks had to be deposited in a non-wetting oil reservoir to avoid nozzle clogging. Finally, ink deposition has been confined solely to the xy plane, such that threedimensional (3D) structures are assembled in a layerwise sequence. We report the omnidirectional printing of flexible, stretchable, and spanning microelectrodes using concentrated silver nanoparticle inks that readily flow through micronozzles in air.
Metallic nanoparticles are typically synthesized in solution by the reduction of metal precursors in the presence of surface capping agents (16) (17) (18) (19) . Through a multistep approach ( fig. S1 ), we prepared highly concentrated silver nanoparticle inks using an aqueous system that contains silver nitrate as the silver precursor, poly(acrylic acid) (PAA) as the capping agent, and diethanolamine as the reducing agent (20, 21) . The components are first mixed under ambient conditions to create a population of very fine (~5-nm) silver nanoparticles. This particle population is ripened by heating the solution to 60°C (Fig. 1B) . Ethanol, a poor solvent for the PAA-coated nanoparticles, is added to induce rapid particle coagulation. Next, the ink is centrifuged to achieve the desired solids loading [≥70 weight percent (wt %) silver nanoparticles], as shown in the inset of Fig. 1B . Finally, ethylene glycol is added as a humectant, which allows the ink to be patterned in air without clogging.
We have synthesized a broad range of silver nanoparticle inks and found that those with a solids loading between 70 and 85 wt %, a mean particle size of 20 T 5 nm, and a particle size distribution between 5 and 50 nm exhibited both optimal flow behavior through fine deposition nozzles (1 to 30 mm) and low resistivity at modest annealing temperatures (≥200°C). Figure 1C shows the elastic modulus (G′) as a function of shear stress for silver nanoparticle inks of varying solids loading. In the linear viscoelastic region, G′ rises nearly three orders of magnitude as the nanoparticle content increases from 60 to 75 wt %. A minimum G′ of 2000 Pa is required to produce spanning features, which occurs at a silver nanoparticle concentration of 70 wt %. These highly concentrated inks can be stored under ambient conditions for weeks without any noticeable change in printing behavior ( fig. S2 ).
To demonstrate the printing technique, we have patterned planar microelectrode arrays onto a silicon wafer by depositing silver nanoparticle ink (71-wt % solids) through 1-, 5-, and 10-mm cylindrical nozzles ( Fig. 2A) . Printed features with aspect ratios (h/w, where h is height and w is width) of~0.7 are obtained in a singlepass, and a minimum width of~2 mm is achieved with the use of a 1-mm nozzle. In addition, highaspect ratio features are patterned in a layerwise manner, and their width and height are defined solely by the nozzle diameter and number of printed layers, respectively (Fig. 2, B and C) .
The microstructural evolution of the printed silver microelectrodes as a function of annealing temperature is shown in Fig. 2D . As the temperature increases from 150°to 550°C, the microelectrodes undergo simultaneous loss of organics, grain growth, and densification. Thermogravimetic analysis reveals that the organic species are removed by~400°C ( fig. S1 ), whereas scanning electron microscopy (SEM) shows that their average grain size increases from~180 nm at 150°C to 3 mm at 550°C, as a total volumetric shrinkage of~3 0% occurs. Concomitantly, their electrical resistivity, r, decreases sharply over this temperature range (Fig. 2E) . Upon annealing at 250°C for short times (≤30 min), the patterned microelectrodes exhibit an electrical resistivity of 5.2 × 10 −5 ohm⋅cm, approaching the value of bulk silver (10 −6 ohm⋅cm). In contrast, microelectrodes annealed at 150°C require several hours (≥25 hours) to reach r~10 −3 ohm⋅cm, a value comparable to that observed for doped poly(3,4-ethylenedioxythiopene)/ poly(styrenesulfonate), a widely used organic conductor (22, 23) .
To demonstrate the flexibility of the printed features, we patterned a series of interdigitated microelectrode arrays on a polyimide substrate. Figure 3A shows optical and SEM images of the printed silver microelectrodes after annealing at 200°C for 3 hours, followed by wrapping the patterned substrate around a scintillation vial with a bending radius of 14 mm. Solid contact pads (1 by 1 mm) connected to linear electrode features are formed with a 30-mm nozzle, to which interdigitated features are patterned with a 5-mm nozzle (Fig. 3A, top right) . These elaborate structures require the initiation and cessation of ink flow multiple times during the printing process (Fig. 3A, bottom right) .
To investigate the effects of mechanical bending on electrical performance, we used a custom-built mechanical stage coupled to a micropositioner to carry out bend tests ( fig. S3A ). For this experiment, a linear array of 10 silver microelectrodes (w = 23 mm, h = 12 mm, and length l = 1 cm) spaced 0.5 mm apart are printed on a 25-mmthick polyimide sheet and annealed at 200°C for 3 hours in air before mechanical testing. Their electrical resistivity is measured as a function of bending radius from T11 mm to T5 mm, and the reported r values are averaged from 10 electrodes. In the first bend cycle, r is found to be 6.23 T 4.40 × 10 , and 2.00 T 1.11 × 10 −4 ohm⋅cm in tension (convex), unstrained (flat), and compression (concave), respectively (Fig. 3B ). An approximately twofold change in electrical resistivity is observed after 1000 bend cycles at the smallest radius of T5 mm (Fig. 3C) , where (r 1000 -r 0 )/r 0 is 2.17, 1.66, and 1.67 for the tensile, unstrained, and compressive states, respectively, and r 0 is the initial value measured in the unstrained state. The microelectrodes exhibited robust response for at least 750 bending cycles.
Ultrathin (~20 nm) metal films deposited onto prestrained, stretchable substrates can form wavy buckles and arches upon relaxation of the substrate (24) . These configurations are even observed in brittle semiconductor materials, such as silicon, because of the differences in mechanical behavior between ultrathin and bulk materials (25) . The built-in slack enables mechanical stretching while preserving the desired electronic properties. Stretchable, wavy, and arched architectures can also be created out of nonbrittle materials that are not ultrathin, particularly for ductile metals. Figure 3D shows stretchable silver arches formed by printing a spanning silver microelec- trode onto a prestrained spring (inset) that is then released to form the desired arches. The specimens are annealed at varying temperatures, and a silicone adhesive is subsequently printed onto the spring at the microelectrode contact points to ensure good adhesion and accurate resistivity measurements. The electrical resistivity of the silver microelectrode arches annealed at different temperatures is plotted as a function of strain Fig. 3E . The maximum strain increases with increasing annealing temperature from 8% at 200°C to 25% at 550°C, as the microelectrodes transform to a bulklike ductility. Straining these microelectrodes up to 200 cycles does not result in fatigue-induced failure at the contact points (Fig. 3F) .
We have provided a few examples of conductive features that can be patterned across unsupported regions in three dimensions. It is possible to vertically print microelectrodes with arbitrary height and angle ( fig. S4 ). Figure 4A shows wire bonding of silver microelectrodes onto the surface of a thin silicon spherical shell assembled by lithographically patterning, releasing, and folding a 2-mm silicon layer in the desired 3D form (fig. S5 ). Unlike conventional techniques (26), our approach allows fine silver microwires (~10 mm) to be bonded with minimal contact pressure on both flat and curved surfaces, which is highly advantageous for delicate devices.
When combined with other processes (for instance, photolithography and transfer printing), our ink writing technique enables the heterogeneous integration of dissimilar materials (8, 27) . To further highlight this capability, we have patterned interconnects for both solar microcell and light-emitting diode (LED) arrays. As a first example, we patterned silver microelectrodes (w = 15 mm, h = 13 mm) onto a silicon solar microcell (w = 45 mm, h = 26 mm, and l = 2 mm) array, in which each photovoltaic element is separated by a 33-mm gap ( fig S6) . Figure 4B shows that the silver microelectrodes span the unsupported regions between each solar microcell without deformation. We also find that these inks can span unsupported gaps that are extraordinarily wide, up to 1.0 cm across ( fig. S7 ). The current (I )-voltage (V) response from an individual silicon solar microcell and 14 interconnected microcells under a simulated air mass 1.5 illumination condition of 1000 W⋅m -2 is shown in Fig. 4C . Because of their fine lateral dimensions, these conductive tracks can be spaced closely together, thereby blocking less incoming light and allowing more current to be drawn from each solar cell (28) .
As a final demonstration, we exploited omnidirectional printing to create interconnects for the gallium arsenide-based LED array (4-by-4 pixels, where each pixel is 500 by 500 by 2.5 mm and spaced 200 mm apart) shown in Fig. 4D . The ability to print out-of-plane enables the microelectrodes to directly cross pre-existing patterned features through the formation of spanning arches (Fig. 4E, top left) . Typically, insulating layers or bypass electrode arrays are required in conventional layouts. Figure 4E (top right) shows silver micro-arches printed on a gold pad (80 by 80 mm) on a LED pixel. Figure 4E (bottom) displays the LED array, emitting uniform red light under an applied bias of 6 V from a single pixel, after annealing at 200°C for 3 hours. The utility of this approach is further established by printing spanning arches onto commercially available gallium nitride LED chips ( fig. S8) .
In summary, we have demonstrated the omnidirectional printing of flexible, stretchable, and spanning microelectrodes with the use of tailored silver nanoparticle inks. By carefully controlling the silver nanoparticle concentration, size, and distribution, we have produced inks with high solids loading (≥70 wt %) that are ideally suited for direct-write assembly. We have shown that self-supporting microelectrodes in either planar or 3D forms of arbitrary complexity can be patterned on a wide variety of substrates. Using this technique, we have further demonstrated the feasibility of wire bonding to fragile devices and patterning complex interconnects for solar cell and LED arrays.
